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QIJARTEKLY REPORT NO. 1 
S o l i d  S t a t e  T h e r m i s t o r  

C o n t r a c t  NAS 8-11625 
- 

1. INTKODUCTION 

This r e p o r t  covers t h e  p r o g r e s s  made 

d u r i n g  t h e  f i r s t  t h r e e  months of the d u r a  

The end  o f  t h e  r e p o r t i n g  p e r i o d  c o i n c i d e s  

and  t h e  r e s u l t s  o b t a i n e d  

i o n  of h i s  c o n t r a c t .  

w i t h  t h e  c o n c l u s i o n  of 

t h e  f i r s t  i m p o r t a n t  phase :  deve lopment  o f  a s u i t a b l e  c i r c u i t .  

While e l ec t ron ic  problems m a i n l y  h a v e  b e e n  s o l v e d ,  c e r t a i n  

p a c k a g i n g  p rob lems  s t i l l  remain.  I n  the f o l l o w i n g ,  t h e  a d o p t e d  

d e s i q n  approach  is d i . scussed  and  t h e  tes t  r e s u l t s  o b t a i n e d  from 

t h e  b r e a d b o a r d  g i v e n .  

2 .  PROGRESS D U R I N G  THE KEPORTING P E R I O D  

Dur ing  t h e  r e p o r t i n q  p e r i o d ,  s t u d i e s  of s e n s i n g  methods w e r e  

carried o u t  and led t o  the  a d o p t i o n  of a scheme where  t h e  thermis- 

t o r  s e n s i n g  e l e m e n t  is p l a c e d  i n  the  f e e d b a c k  p a t h  of a DC ampl i -  

f i e r .  The c i r c u i t  necessary t o  implement  t h i s  s e n s i n g  method was 

d e v e l o p e d  and  t e s t e d .  The a t t a c h e d  s c h e m a t i c  d i a q r a m  shows the 

f i n a l  c i r c u i t ,  and  t h e  p a r t s  l i s t  d e s c r i b e s  t he  components  i n t e n d e d  

f o r  u s e  i n  t h e  f i n a l  p r o d u c t .  
4 

The d i f f i c u l t y  i n  t r y i n g  t o  m e e t  t h e  r e q u i r e m e n t  f o r  a 

d u a l  o u t p u t  f u n c t i o n  ( t e m p e r a t u r e  r e a d o u t  and s w i t c h i n g )  d i c t a t -  

ed a more c o m p l i c a t e d  e l e c t r o n i c  c i r c u i t  t h a n  o r i q i n a l l y  a n t i c i -  

p a t e d .  A t t e m p t s  t o  so lve  t h i s  d i f f i c u l t y  by employing  i n t e y r a t e d  

a m p l i f i e r s  o f  t h e  t y p e  micro-A 702 produced  by F a i r c h i l d  f a i l e d .  

T h e r e f o r e ,  it must  be s a i d  t h a t  t ,he  s i z e  r e q u i r e m e n t  of the speci- 
- 
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i i c a t i o n s  c a n n o t  be m e t .  A p r e l i m i n a r y  l a y o u t  u s i n q  Cordwood 

p a c k a q i n g  t e c h n i q u e s  i n d i c a t e d  that t h e  f i n a l  s i z e  would be 1-1/4" 

d i a m e t e r  x 2 "  l e n g t h .  

These  p a c k a q i n g  d i f f i c u l t i e s  l ed  t o  a d e l a y  w i t h  respect t o  

t h e  program ;?Ian. :Iowever, t h i s  delay is i n s r q n i f i c a n t ,  and w i l l  

n o t  i n f l u e n c e  d e l i v e r y  date. The p a c k a g i n g  of t h e  e l e c t r o n i c  

c i r c u i t  has  been s t a r t e d .  

3 .  THE DESIGN APPROACH 

3 . 1  The Problems 

The f u n r t i o n  of the t he rmos ta t  t o  be d e v e l o p e d  under t h i s  

--.--- 

program is t w o f o l d .  I t  has t o  provide a temperature r e a d o u t  sig- 

n a l  a n a  a s o l i d  s t a t e  s w i t c h  c a p a b l e  of h a n d l i n g  one  ampere of 

c u r r e n t .  

I t  is i n t e n d e d  t o  s e n s e  t h e  t e m p e r a t u r e  of v a r i o u s  med ia ,  as 

qases,  l i q u i d  and solids. Accuracy and fast response are impor t -  

a n t  r e q u i r e m e n t s .  The r e s p o n s e  t i m e  o f  t -he p n t i r e  t h e r m o s t a t  is 

i n f l u t - n c e d  ma in ly  by  t h e  large t i m e  c o n s t a n t  of the s e n s i n g  ele- 

ment .  T h e r e f o r e ,  i t  demands a very small t h e r m i s t o r .  Sma l l  

t h e r m i s t o r s ,  however ,  show s i g n i f i c a n t  s e l f - h e a t i n q ,  a n  e f f e c t  

wh ich  especially i n  a gaseous medium m i g h t  l e a d  t o  s i g n i f i c a n t  

error. I n  o r d e r  t o  combat t h i s  error and still m a i n t a i n  f a s t  re- 

sponse, t h e  t h e r m a l  mass of the s e n s i n g  e l e m e n t  must  be kept  a s  

s m a l l  as f e a s i b l e .  U n f o r t u n a t e l y  s e n s i n g  e l e m e n t s  w i t h  small t i m e  

c o n s t a n t s  f e a t u r e  l a r g e  d i s s i p a t i o n  c o n s t a n t s  - t h a t  is t o  say, 

show s i g n i f i c a n t  s e l f - h e a t i n g  e f f e c t .  Therefore, the  power d i s -  

s i p a t i o n  of t h e  s e n s i n q  e l e m e n t  must be k e p t  low. T h l s  l e a d s  t o  
__- ----- -_-- 
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a compromise between t h e  impedance .o f  t h e  thermis tor  and the  v o l t -  

a q e  across it. 

The s e n s i t i v i t y  of the sens , ing  c i r c u i t  d e p e n d s  m a i n l y  on  the 

v o l t a g e  a c r o s s  t h e  t h e r m i s t o r .  T h e r e f o r e ,  t h i s  vol taqe should be 

a s  h i g h  as f e a s i b l e .  

A h i g h  v o l t a g e  c a n  be a p p l i e d  t o  the t h e r m i s t o r  when i t s  i m -  

pedance  is h i g h ,  t h e r e b y  k e e p i n g  t h e  power d i s s i p a t i o n  l o w .  Un- 

. f o r t u n a t e l y ,  t h i s  creates t h e  second  problem.  A h i g h  impedance 

c i r c u i t  c a n n o t  be l o a d e d  w i t h o u t  i n t r o d u c i n g  i n t o l e r a b l e  errors.We 

need  a b u f f e r  amplifier. The o u t p u t  o f  s u c h  a b u f f e r  a m p l i f i e r  

would be a f u n c t i o n  of the temperature and  c a n  be u s e d  a s  r e a d o u t .  

However, f o r  t h e  s w i t c h i n g  a c t i o n  w e  need  f a r  better r e s o l u t i o n  

a n d ,  c o n s e q u e n t l y ,  h i g h e r  g a i n .  This l e a d s  t o  t h e  r e q u i r e m e n t  of 

a second  c m 9 L i f i e r .  

I n  t h e  s w i t c h i n g  s e c t i o n  of the t h e r m o s t a t ,  a large c u r r e n t  

w i t h  r e s p e c t  t o  the s i z e  of t h e  t h e r m o s t a t  has t o  be h a n d l e d .  

Here w e  f a c e  the problem of k e e p i n g  t h e  power d i s s i p a t e d  i n  t h e  

c i r c u i t  t o  a minimum and of c o n d u c t i n g  t h i s  h e a t  t o  the  e n v i r o n -  

ment .  

Data h a n d l i n g  imposes a n o t h e r  r e q u i r e m e n t .  I t  is d e s i r a b l e  

t o  h a v e  one  u n i v e r s a l  c a l i b r a t i o n  c u r v e  f o r  a l l  u n i t s .  T h i s  l e a d s  

t o  s t r i n g e n t  s p e c i f i c a t i o n s  as t o  the  t o l e r a n c e  o f  t h e  s e n s i n g  

e l e m e n t .  
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3.2 n e  S o l u t i o n  

The c i r c u i t  shown i n  t h e  a t t a c h e d  s c h e m a t i c  d i ag ram solves  

t h e  above problems.  I t  c o n s i s t s  of a power s u p p l y ,  a s e n s i n q  c i r -  

c u i t ,  a b u f f e r  a m p l i f i e r ,  a zero a m p l i f i e r  and a h i g h  c u r r e n t  

s w i t c h .  The t e m p e r a t u r e  sensor is p l a c e d  i n  t h e  f eedback  p a t h  of 

the b u f f e r  a m p l i f i e r .  The r e s u l t  is  a n  o p e r a t i o n a l  a m p l i f i e r  

whose g a i n  v a r i e s ,  depending  on t h e  s e n s o r  t e m p e r a t u r e .  

T h i s  method of s e n s i n g  leads t o  t h e  d e s i r e d  t e m p e r a t u r e -  

v o l t a g e  c h a r a c t e r i s t i c  a t  t h e  o u t p u t  of t h e  a m p l i f i e r ,  and a v o i d s  

e x c e s s i v e  l o a d i n g  of the t h e r m i s t o r .  The o u t p u t  of t h e  a m p l i f i e r  

p r o v i d e s  t h e  r e a d o u t  s i g n a l .  The o u t p u t  o f  t h e  b u f f e r  a m p l i f i e r  

is  compared t o  t h e  c o n s t a n t  v o l t a g e  e s t a b l i s h e d  by thi-? Zener  ref- 

e r e n c e  d i o d e  CR4.  

manner t h a t  a t  t h e  d e s i r e d  s w i t c h i n g  t e m p e r a t u r e ,  t h e  i n p u t  volt- 

aqe a t  the base of Q9 is a p p r o x i m a t e l y  z,ero. A t e m p e r a t u r e  change 

w i l l  c a u s e  t h i s  v o l t a g e  t o  d e v i a t e  from zero. This d e v i a t i o n  is  

a m p l i f i e d  by t h e  z e r o  a m p l i f i e r ,  and. t h e n  used  t o  o p e r a t e  the 

s w i t c h .  

The r a t i o  of R16 t o  R 1 7  is chosen  i n  s u c h  a 

X h i l e  t h e  b u f f e r  a m p l i f i e r  hps a v a r i a b l e  g a i n  depend ing  on 

t h e  temperature, the zero a m p l i f i e r  h a s  a fixed g a i n  of a b o u t  one 

hundred  t o  assure  s u f f i c i e n t  s e n s i t i v i t v .  P o s i t i v e  f eedback  

t h r o u g h  I322 from the power switch t o  the n o n - i n v e r t i n g  i n p u t  of 

the a m p l i f i e r  r e d u c e s  s w i t c h i n g  t r q n s i e n t s  and p r o t e c t s  Q l 5  from 

" p a r t i a l  t u rn -on" .  Without  p o s i t i v e  f eedback  it  can  happen  t h a t  

o n l y  h a l f  t h e  load c u r r e n t  ( .5A) i s  f l o w i n g  i n t o  the l o a d .  Then 

one  h a l f  of t h e  supply v o l t a q e  a p p e a r s  a c r o s s  t h e  load and t h e  
.- . -. 
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o the r  h a l f  across  Q15 , p a r t i a l  t u r n - o n ) . .  This would c a u s e  exesss- 

i v o  power d i s s i p a t i o n  i n  Q15,  l e a d i n g  t o  i t s  d e s t r u c t i o n .  

The p o s i t i v e  f eedback  is a c t i v a t e d  o n l y  when Q14 star ts  t o  

c o n d u c t ,  which  o c c u r s  when t h e  s w i t c h  p o i n t  t e m p e r a t u r e  is reached. 

I t  causes  some "on-o f f "  d i f f e r e n t i a l  i h y s t e r e s i s j  whicn c a n  be  i n -  

f l u e n c e d  by the maqni tude  of R 2 7 .  R 2 7  i s  s e l e c t e d  €or  a n  "on-o f f "  

d i f f e r e n t i a l  ( h y s t e r e s i s )  of about . 1 " C  a t  2 5 ' C .  

Tho s w i t c h i n g  p o r t i o n  of the t h e r m o s t a t  c o n s i s t s  oE t he  pow- 

e r  t r a n s i s t o r  0 1 5 ,  the d r i v e r  t r a n s i s t o r  Q14,  and t h e  a m p l i f i e r  

stage 013. Here t h e  main d e s i g n  o b j e c t i v e  w a s  t o  keep the power 

d i s s i p a t i o n  o f  Q15 l o w .  Th i s  is  accompl i shed  by i n s e r t i n g  CK7.  

T1ii.s power rer!;ictron van b c b  ex!>] ;tined when wc' assum? t . ha t  t h e  

base  o f  { i l ' j  is r o n r i e c t e d  to t?ie 2 3  t*?lt: supply .  IJox both base a d  

c;)l! .c r_.i;:r are c : ~ n n c c t ~ ~ : i  t.r, t.ht> same v.1; -taqt . By t:Jing bast a n , ]  

c-01- 1-i.ct.or t o , !~ t ' i t ? r ,  hat5 '.ir,1ta-;f s w i t h  r c s p e c t  t o  :-;-,-. c i m i t . t e r  must 

he *-I. ,. ... ..̂ ,._ 1 - 1  

?car  acrass thc c.:?llnctor:-ei:i.itter j u n c t i o n  and r>nwer :lissipition 

~ 7 - ~ ~ > , : l . +  t;e? l i i . ; ! i .  'i'hi.s is a q q r a v a t c d  L-1. the fact that k.hc base 1s 

c'onnc?czc d t.o t he  2 5  volt .  line th:-:>sqh L l 4 .  'The colleci_or--~:mi.r-t.er 

vr?l.t..a of t h i s  tr3ns istor 7 . ~ 0 u l . r !  be  added  to the  t>rj.c1c-eT: i ttilr 

vnl1-3:76) 0:-  Q1-5. 1 5  p,i) 4 1 9  is i n s c r t e d  i j e t w w n  c:'?". 2D <J 1 i n e  and 

t-hic cniI.ert.or o+: (.j:Li, a v ~ l t a ~ ~ ( i  in the order  G ?  1.3 ~ ~ o l t s  ~ 9 1 1 1 . 3  

a : ) p e ~ r  -7cr(.)ss cr;l! i:r:t.i)r-pn:i~ter j \ ; n c t i o n ,  L c a 4 i r i j  t o  a v e r y  1 arge 

r i ~wvr  :3iszl?k: t io:1.  T3.o :!i633c C X 7  c u t s  ?:his -J:-)1t<-if.!cL, :hereby c u t -  

t inq t':c ?owcr i n  h a l f .  

.-,,[: .c. L!:creforc: ,  the: 121- je !.3aF.e-emi+t.pr v ~ l ' ; a * q e  \:0~14 ;i;o- 
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The power s u p p l y  p r o v i d e s  t w o  r e g u l a t e d  YJoltaqes,  + 2 0  V and  

-6V. The r e f e r e n c e  v o l t a y e  f o r  t e m p e r a t u r e  reac iout  and the switch 

p o i n t  i s  derived from t h e  -6V s u p p l y .  An i n v e r t e r  c i r c u i t  pro-  

duces t h e  n e g a t i v e  s u p p l y  v o l t a g e .  The i n v e r t e r  i s  a l s o  u s e d  t o  

s u p p l y  a c o n s t a n t  voltage t o  the a m p l i f i e r  s t a g e  012 of the v o l t a g e  

r e g u l a t o r ,  making i t  p o s s i b l e  to o b t a i n  e x c e l l e n t  r e g u l a t i o n  

a y a i n s t  l i n e  v o l t a g e  chanqes .  

The p a c k a g i n g  problem c o u l d  n o t  be so lved e n t i r e l y  s a t i s f a c -  

t o r i l y .  The Larqe number of components  d i d  n o t  p e r m i t  p a c k a g i n g  

t o  t h e  s p e c i f i . c a t i o n s .  

An a t t e m p t  w a s  made t o  r e d u c e  the number of components  o f  the 

c i r c u i t  b-! employing  i n t e g r a t e d  DC a m p l i f i e r s  of t h e  t y p e  f4 A 7 0 2  

prDduced by F a i r c h i l d .  Such a n  a m p l i f i e r  would occupy o n l y  the 

s p a c e  of one  t r a n s i s t o r .  U n f o r t u n a t e l y ,  t h i s  s u b s t i t u t i o n  failed 

because of the l o w  i n p u t  impedance of t h e  ;4 A 7 0 2  a m p l i f i e r .  

The h i q h e s t  d e n s i t y  o b t a i n a b l e  by Cordwoocl p a c k a g i n q  w i l l  

l e a d  to a c a s e  s l z e  of 1-1/4 i n c h  d i a m e t e r '  x 2 i n c h e s  l e n q t h .  

3 . 2 . 1  The S e n s o r  

A good t e m p e r a t u r e  s e n s i n g  e l e m e n t  s h o u l d  h a v e  t h e  f o l l o w i n q  

c h a r a c t e r i s t i c s :  1. s t a b i l i t y  i n  t i m e ;  2 .  h i v h  s e n s i t i v i t y ;  and  

3 .  a r e p r o d u c e a b l e  c h a r a c t e r i s t i c .  Fenwal E l e c t r o n i c s  offers 

s u c h  a cievice, t h e  I soCurve  t h e r m i s t o r .  I t s  d i s a d v a n t a g e  - non- 

l i n e a r i t v  - is ou twe iqhed  bv t h e  f a c t  tbat t h i s  t h e r m i s t o r  is 

a v a i l a b l e  matched t o  a s t a n d a r d  c u r v e .  T h i s  a l l o w s  the use of 

o n e  c a l i b r a t i o n  c u r v e  for a l l  u n i t s .  
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From the beqinning it was clear that a s i m p l e  thermistor net- 

work cannot accept loads which vary in the order of 3% and still 

meet the specifications. The impedance l e v e l  of a thermistor net- 

work w o u l d  have to be low, while the excitation voltage would have 

to !x hi7h tc obtain t he  r equ i r ed  sensitivity. Roth Im! impedance 

and high excitation voltage lead to a high power dissipation in 

the thermistor. Appreciable self-heating would occur and a siq- 

nificant error be introduced. A buffer amplifier solves this 

problem. 

The specifications c a l l  for an accuracy of + . 2 " ~  in a dif- 

ferent temperature interval, v i z . ,  25OC to 5 0 ° C ,  is r e q u i r e d .  

T h e  switch point accuracy requires a better stability thantha 

whichwould be sufficient for the readout. This stabilit,: is 

mainly decided hv the buffer amplifier. An amplifier would d i s -  

p1.ay essentially the same stability over its useful output voltage 

range. The stability requirement, therefore, would be decided by 

the switch point 'stability. 

A circuit which relieves this rather strinqent stability 

requirement could take advantage of the nonlinearity of the therm- 

istor sensor. If a circuit can Se found where the  sensitivity in 

the swltching ranqe (25°C to 5 0 ° C )  is higher than in the remaining 

readout range (doc  to 2S°C), the stability requirement for the 

amplifier can be eased. Figure 1 shows the adopted solution. 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Q u a r t e r l y  R e p o r t  N o .  1 NAS 8-11625 

R F  

,' .. s 1 

FIGURF:  1 

An o p e r a t i o n a l  amplifier r e c e i v e s  a c o n s t a n t  i n p u t  voltage 

V . The o u t p u t  v o l t a g e  V depends  on its g a i n  wh ich  v a r i e s  w i t h  

R 
0 (TI 

(TI and t h e r e f o r e  w i t h  t e m p e r a t u r e .  

The s e n s i t i v i t y  i n  V/"C is o b t a i n e d  f r o m  ( 1 )  by d i f f e r e n t i a t i n c  

I t, - - .  -- is the t e m p e r a t u r e  c o e f f i c i e n t  of t h e  therm- . \ , T ,  i. F i  -r 
and is fairly c o n s t a n t  i n  t h e  t e m p e r a t u r e  i n t e r v a l  of (T) istor R 

i n  teres t . 
t h e  thermistor r e s i s t a n c e ,  appears i n  the  denomina to r  (TI ' R 
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f!v ( T) 
w i l l  change inverse ly  . . -___ 

of ( 2 ) .  This means t h a t  i:? 

t o  it. R v i  
i nc rease ,  which was des i red .  

decreases  with temperature,  causing dV(T) t o  
(TI  dT 

1s an Tsocurve thermistor  of 100 K ohms a t  25°C.  (TI 
This is t h e  h ighes t  r e s i s t ance  a v a i l a b l e .  

The d i s s i p a t i o n  constant of t he  selected thermis tor  is 

1 m'd/OC i n  s t i l l  a i r .  This is t he  worst  condi t ion  w i t h  r e spec t  t o  

se 1 f-heat ing . 
hhcn the  maximum e r r o r  produced by se l f -hea t ing  is l imi t ed  

t o  .11"C, then no  more than .11 mW may be dissipated i n  t h e  therm- 

i s t o r .  

The maximum power is d i s s ipa t ed  when t h e  thermis tor  a t t a i n s  

its lowest r e s i s t a n c e ,  t h a t  is, a t  5 0 ° C .  I t  is  

Therefore ,  t he  f ixed  voltage Vo must not  exceed 2 V. 

The feedback r e s i s t o r  RF is  chosen t o  o b t a i n  5 V output  

vo l tage  a t  50°C. R~ = V ( 5 6 ° C )  R(50"C)--- 1 = 5 ~ 3 6 ~ 1 / 2 - 9 0 K  
"0 

ohm. 
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From e q u a t i o n  ( 2 ) ,  w e  o b t a i n  t h e  s e n s i t i v A h y  a t  O'C, 2 S o C ,  
(T) 

and -- a t  these (TI R (*) d?: 
and 5 0 ° C  by i n s c r t i n g  the v a l u e s  of R 

t e m p e r a t u r e s .  

From these s e n s i t i v i t i e s ,  t h e  s t a b i l i t y  r e q u i r e m e n t  f o r  the ampli- 

fier is o b t a i n e d .  When a l l o w i n g  a m a x i m i m  error of .2S0C a t  O'C 

and of  . 1 " C  from 2 5 ° C  t o  50"C, we t h e n  o b t a i n  

A " ( 0 " C )  = 5 mV 

= 7 mV (25" C) 
~ V ( s o e c )  = 16.7  mV 

T h e  t e s t  results compare favorably with these v a l u e s .  

1. ._ . 
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3 . 2 . 2  The Amplifiers 

Three p o s s i b i l i t i e s  for ampl i f i e r  design e x i s t :  

1. a DC amplif ier  

2.  a chopper ampl i f ie r  

3 .  an AC amplif ier  

DC and chopper ampl i f ie r  could use DC a s  input  while  an AC 

ampl i f i e r  would r equ i r e  a n  AC input s i g n a l  and t h e r e f o r e  AC ex- 

c i t a t i o n  f o r  the  thermistor  network. The e x c i t a t i o n  vo l t age  for 

t he  thermis tor  network must be kept  cons t an t ,  be it  DC or AC. 

I t  is f a r  more d i f f i c u l t  t o  produce a cons tan t  AC vol tage  than a 

cons tan t  DC vo l tage .  This r u l e s  out  t he  AC ampl i f i e r .  

The chopper ampl i f i e r  employs a chopper t r a n s i s t o r  and a 

demodulator c i r c u i t .  This  l e a d s  t o  a l a r g e  number of components 

some of which a r e  very bulky (coupling c a p a c i t o r s ) .  

The DC ampl i f i e r  is the most compact of t h e  t h r e e  but demands 

expensive t r a n s i s t o r s  i n  order t o  m e e t  the  zero s t a b i l i t y  require- 

ment .  

Considering the already c r i t i c a l  s i z e  problem, preference was 

given  t o  a DC ampl i f i e r  approach. 

Both DC ampl i f i e r s  f ea tu re  a d i f f e r e n t i a l  input  s t a g e  and a 

s i n g l e  ended output ,  and both a r e  of t h e  ope ra t iona l  type.  The 

first or buf fe r  ampl i f i e r  amplif ies  a f ixed  vol tage  obtained 

through vol taqe  d i v i d e r  R 7 ,  R 8 .  I t s  gain  depends on the tempera- 

ture because of the va r i a t ion  of R10. R9 is chosen i n  such a 

manner  t h a t  a t  5 0 ' C  t h e  o u t p u t  vo l tage  i s  exac t ly  5 v o l t s .  A t  

the  lowest temperature i n t e r e s t  (3°C) the output  vo l t age  w i l l  be 
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a p p r o x i m a t e l y  3 0 3  millivolts. The i n p u t  inpedance of the  c i r c u i ,  

is v e r y  h i j h .  A bias c u r r e n t  i n  t h e  o r d e r  of . 2  I.. is s u f f i c i e n t .  
I 

The o i i tpu t  irpedance is v e r y  l o w  and found LO be b e l o w  10 

ohms. This l o w  o u t p u t  impedance makes t h e  r e a d o u t  s i g n a l  independ 

ei?t 0 5  v i l r i a t i o i i s  i r i  load. 

The second o r  z e r o  a m p l i f i e r  is almost i d e n t i a l  t o  the f i r s t  

one .  I t  d i f f e r s  i n  g a i n ,  and i n  t h a t  i t  r e c e i v e s  a p o s i t i v e  feed- 

back s i g n a l  from t h e  s w i t c h i n g  c i r c u i t .  T h i s  p o s i t i v e  f eedback  

which becomes e f f e c t i v e  whenever the s w i t c h i n q  a c t i o n  i s  i n i t i a t e d  

i n s u r e s  f a s t  t r a n s i e n t s  d u r i n g  s w i t c h i n q .  Zero a m p l i f i e r  and 

switch a c t  t o g e t h e r  l i k e  a S c h m i t t  t r i g g e r .  T h i s  c i r c u i t ,  however 

i s  s u p e r i o r  t o  a c o n v e n t i o n a l  S c h m i t t  t r i q g e r  a5 f a r  as s t a b i l i t y  
3 

and r e s o l u t i o n  i s  concerned.  

4 .  TEST RESULTS 

A large nuvbcr  of t e n p e r a t u r e  tes t  series w e r e  carried o u t  o n  

t h e  a m p l i f i e r s  and t h e  power s u p p l y .  C o r r e c t i v e  measu res  l e d  t o  t 

f i n a l  b readboard .  The t e s t  r e s u l t s  o b t a i n e d  from t h i s  c i r c u i t  on 

t w o  t i i f f e r e n t  d a y s  a r e  shown i n  Tables  1 and 3 .  The measurements  

were t a k e n  a t  O ° C ,  2 S o C ,  50'C and 75'C. 

f ixed  resistors. The supp ly  v o l t a g e  V was v a r i e d  and R 

s imula tec i  f o r  3 s e n s i n q  t e m p e r a t u r e s .  The r e a d o u t  v o l t a g e  V 
/ % \ <  

was s i m u l a t e d  by 

w a s  
5 T )  

(TI 

(TI  

(TI 
and the  v o l t a q e  r e g u l a t o r  o u t p u t  Vps w e r e  m o n i t o r e d .  1.-. v 

i n  the  e n t i r e  ambient  t e m p e r a t u r e  r a n g e  (TI shows t h e  chanqe  of V 

for 3 v a l u e s  o f  R ( T ) .  

t h e  r e q u i r e m e n t s  fo r  L'.!LV i n  S e c t i o n  3 . 2 . 1 .  

These r e s u l t s  compare v e r y  f a v o r a b l y  t o  
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Another  set of measurements w e r e  t a k e n  d u r i n g  the t es t  r u n s  

of Tables 1 and 2 .  These t e s t s  show t h e  s w i t c h  p o i n t  s t a b i l i t y .  

Dur ing  t h e s e  tests R 

s w i t c h i n g  w e r e  o b s e r v e d  a n d  the c o r r e s p o n d i n g  v a l u e s  f o r  V 

c o r d e d .  Again ,  t h e  r e s u l t s  are v e r y  qood and w e l l  w i t h i n  speci- 

f i c a t  i o n s .  

5 .  HEMAINING PROBLEMS 

w a s  s i m u l a t e d  by a Helipot. "On" and "off" (TI 
re- (TI 

V e r s a t i l i t y  of a p p l i c a t i o n  of the t h e r m o s t a t  creates s e r i o u s  

d e s i q n  p rob lems .  When used t o  s e n s e  t h e  t e m p e r a t u r e  at t h e  bottom 

of a w e l l  d r i l l e d  i n t o  a s o l i d  body, a cer ta in  r e s i l i e n c e  of the 

probe body would be r e q u i r e d .  On t h e  o t h e r  h a n d ,  e x p o s u r e  of the 

t h e r m o s t a t  t o  shock and v i b r a t i o n  would demand a v e r y  r i g i d  de- 

s i g n .  These t w o  requirements a r e  c o n t r a d i c t o r y ,  and  so f a r  could 

n o t  be r e c o n c i l e d .  

A number of d i f f i c u l t i e s  a r i s e  from t h e  n e c e s s i t y  t o  sea l  

t.he t h e r m o s t a t  h e r m a t i c a l l y .  Here we  r u n  i n t o  bonding  p rob lems ,  

e s p e c i a l l y  when good thermal  i s o l a t i o n  of the t i p  of t h e  p r o b e  is 

r e q u i r e d .  Such a t h e r m a l  i n s u l a t i o n  is n e c e s s a r y  t o  k e e p  t h e  

time c o n s t a n t  of t h e  t h e r m i s t o r  a t  a minimum. Several d e s i g n  ap- 

p r o a c h e s  h a v e  been t r i e d ,  but  a l l  show t h a t  t h e  s o l u t i o n  would 

be a n  e x p e n s i v e  one .  The s u p p l i e r  for t h e  t h e r m i s t o r  sensors  

h a s  o red ic ted  s e v e r e  manu;actur inq problems t h a t  c o u l d  n o t  be 

h a n d l e d  w i t h i h  t h e  scope of t h i s  c o n t r a c t .  "he s i m p l e s t  s o l u t i o n  

by f a r  unde r  t h e s e  c i r c u m s t a n c e s  would be t o  u s e  d i f f e r e n t  p r o b e s  

for  t h e  d i f f e r e n t  a p p l i c a t i o n s  a n t i c i p a t e d .  Accord ing  t o  o u r  

o p i n i o n  this would Lead t o  a n  optimum d e s i q n  for  each i n d i v i d u a l  
_ _ _ _  -- - _  
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requirement, whereas  a “ u n i v e r s a l  p r o b e ”  must ,  by n e c e s s i t y ,  make 

compromises b e t w e e n  the d i  f f e r e n t  a p p l i c a t i o n s .  

5.1 C a l i b r a t i o n  

The c a l i b r a t i o n  of the thermostat ,  e s p e c i a l l y  of t h e  s w i t c h  

p o i n t ,  r e q u i r e s  v e r y  a c c u r a t e  t e m p e r a t u r e  measurement .  I n  addi- 

t i o n ,  it is r e q u i r e d  t o  produce and m a i n t a i n  c e r t a i n  t e m p e r a t u r e s  

v e r y  a c c u r a t e l y .  Dur ing  c a l i b r a t i o n ,  t h e  probe w i l l  be immersed 

i n  a t e m p e r a t u r e  b a t h .  A survey h a s  been  made of t e m p e r a t u r e  

b a t h s  and  c o n t r o l  equipment  which are commerc ia l ly  a v a i l a b l e .  

Good equipment  of t h i s  t y p e  is used  e x t e n s i v e l y  i n  t h e  chemica l  

i n d u s t r v  and r e s e a r c h  a c t i v i t i e s .  However, m o s t  of it is n o t  de- 

s i q n c d  for a c c u r a c v  and conven ien t  t e m p e r a t u r e  c a l i b r a t i o n .  An 

a d d i t i o n a l  d i s a d v a n t a g e  i s  a l i m i t a t i o n  when o p e r a t i n g  a t  low 

t e m p e r a t u r e s .  Rosemount. E n g i n e e r i n g  h a s  deve loped  for t h e i r  own 

use a bath which a p p e a r s  t o  be t h e  most s u i t a b l e  f o r  our needs ,  

N e g o t i a t i o n s  are p r e s e n t l y  b e i n g  conduc ted  t o  p u r c h a s e  it after 

a trial period. 

6.9 FUTURE W0,W 

During t h e  r e m a i n i n g  p e r i o d  of this c o n t r a c t ,  t h e  f o l l o w i n g  

w o r k  w i l l  be performed:  

1. Packaqing  of  t h e  e l e c t r o n i c  c i r c u i t  ‘ w i l l  be f i n a l i z e d .  

2 .  The e n g i n e e r i n q  model w i l l  be f a b r i c a t e d  and t e s t e d .  
I 

3 .  A d e c i s i o n  conce rn inq  t h e  probe d e s i g n  w i l l  be made. 

4 .  F i v e  p r o t o t y p e  u n i t s  w i l l  be f a b r i c a t e d ,  c a l i b r a t e d  

and tested.  
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